The effects of nitric oxide (NO) on human neutrophil chemotactic responses and release of interleukin (IL)-8 was studied. Neutrophils exposed to chemoattractants (IL-8, FMLP, leukotriene B 4 , and C5a) failed to show increases in intracellular guanosine 3,5-cyclic monophosphate (cGMP), an indicator of NO production. Although NO increased cGMP in neutrophils, neither of two NO donors (sodium nitroprusside and 3-morpholino-sydonimine) nor a NO synthase inhibitor (N v -nitro-L-arginine) altered FMLP-or IL-8 -elicited neutrophil chemotaxis (P ú .25 for all). However, lipopolysaccharide-induced IL-8 production was increased in a dose-dependent manner by a combination of sodium nitroprusside and N-acetylcysteine (P Å .03) or by S-nitrosoglutathione (P Å .004). NO-augmented IL-8 release was not reproduced by treating neutrophils with dibutyryl-cGMP. Upregulation of IL-8 release by NO was associated with increased IL-8 mRNA levels (P Å .009). These data suggest that NO does not directly affect neutrophil chemotaxis but may indirectly alter chemotactic responses by increasing IL-8 production via a cGMP-independent pathway.
Nitric oxide (NO) is a volatile free radical that regulates they have been shown to respond to NO signals [15, 16] . For example, NO inhibits neutrophil adherence to endothelium, blood flow throughout the body [1] . Under homeostatic conditions in the endothelium, NO synthase (NOS) III (a calcium-an early step in cell migration, by scavenging superoxide (O 0 2 ) [17 -19] . This antiinflammatory effect of NO may serve dependent enzyme) continuously produces NO from the precursor L-arginine [2] . This NO diffuses into the underlying to decrease neutrophil-mediated endothelial damage in conditions such as sepsis, reperfusion injury, and atherosclerosis vascular smooth muscle and activates soluble guanylate cyclase [3] . The resulting rise in intracellular guanosine 3,5-[10, 20, 21] ; however, the antiinflammatory effect of NO could also hamper neutrophil recruitment to sites of infection. cyclic monophosphate (cGMP) relaxes the vessel. During septic shock, NOS III activity and expression are down-regulated
In addition, NO may regulate neutrophil migration through mechanisms independent of its antiadhesion properties. How-in the endothelium, but a calcium-independent, high-output enzyme, NOS II, is induced in the vascular smooth muscle ever, NO donors [22 -24] , NOS inhibitors [25 -27] , and cGMP [28 -32] have produced variable and sometimes con- [4 -7] and contributes to hypotension [8 -10] . The consequences of these alterations in NO release on host defenses flicting effects on phagocyte chemotaxis. Interleukin-8 (IL-8), a potent, neutrophil-specific chemoat-and, in particular, on phagocytic cell function are not fully defined [10, 11] . tractant, is the major chemokine product of human neutrophils [33 -36] . In a human melanoma cell line, NO donors increase Neutrophils migrate from the bloodstream across vascular endothelium and smooth muscle to extravascular sites of in-both IL-8 promoter activity and IL-8 secretion [37] . Furthermore, NO has been found to increase endotoxin-induced syn-fection and inflammation. Hence, neutrophils are likely to encounter high local concentrations of NO as they traverse thesis of another cytokine, tumor necrosis factor-a (TNF-a) in human neutrophil cultures [16] . These findings suggest that the vasculature in sepsis. Although it remains controversial as to whether human neutrophils can express NOS [12 -14] , NO might also regulate neutrophil production of IL-8. NOboosted IL-8 release could potentially act as a counterregulatory mechanism, somewhat mitigating the effect of NO on neutrophil attachment to the endothelium and ensuring that plus NAC (5 mM), SIN-1 (100 mM), or L-NNA (1 mM). After the penicillin-streptomycin, RPMI 1640, and MEM-a were obtained cell suspensions were incubated in a shaking-water bath at 37ЊC from Mediatech (Herndon, VA). Acid-citrate dextrose solution for 30 min, 5 1 10 4 cells were removed and added to the upper (Formula A; Baxter Healthcare, Deerfield, IL; vol:vol ratio of 1:5), chamber of a 48-multiwell chemotaxis chamber (Neuroprobe, and pyrogen-free dextran (average molecular weight, 200,000-Cabin John, MD). The wells of the lower chamber were filled with 300,000; United States Biochemicals, Cleveland) were used for HBSS/ alone or with increasing concentrations of FMLP (10 011neutrophil isolation. Ficoll-hypaque, isobutyl methylxanthine, 10 05 M) or IL-8 (0.1-1000 ng/mL). FMLP, leukotriene B 4 (LTB 4 ), complement component C5a, and
After a 30-min incubation at 37ЊC in 5% CO 2 , the polyvinylpyrtrypan blue were purchased from Sigma (St. Louis).
rolidone-free filters (Neuroprobe) were removed and wiped off. Interferon-g (IFN-g) and polyclonal rabbit anti-IL-8 antibody
The filters were then fixed in methanol and stained with modified were obtained from R&D Systems (Minneapolis). Mouse mono-Wright-Giemsa stain (Diff-Quik; Baxter Healthcare, McGaw Park, clonal anti-IL-8 antibody was a gift from Miroslav Ceska (Sandoz IL). Migrating neutrophils were counted with an image analyzer Forschungs-institut, Vienna). Dibutyryl-cGMP was obtained from (Optimax System IV; Optimax, Hollis, NH). The difference be-Seikagaku America (Rockville, MD), and superoxide dismutase tween the number of cells migrating in the presence of a chemoatwas obtained from Calbiochem (La Jolla, CA). Salmonella minnetractant and the number of cells migrating in the absence of a sota Re595 lipopolysaccharide (LPS; prepared by List Biologic, chemoattractant was calculated. Each sample was run in triplicate, Campbell, CA) was used throughout this investigation. and the data are expressed as the mean { SE of individual experi-Sodium nitroprusside (SNP) was obtained from Elkins-Sinn, ments from five or six different neutrophil donors, as indicated. (Cherry Hill, NJ). Hoechst-Roussel Pharmaceuticals (Somerville, Measurement of IL-8 production by human neutrophils. Hu-NJ) generously supplied the 3-morpholino-sydonimine (SIN-1) man neutrophils (5 1 10 6 /mL), suspended in RPMI with 10% heatused as a NO donor in some experiments. N-acetylcysteine (NAC), inactivated human serum, were cultured at 37ЊC in 5% CO 2 in the which increases the bioavailability of some forms of exogenous absence or presence of LPS (1 mg/mL) and with or without IFN-NO, was obtained from Bristol-Meyers (Evansville, IN). N v -nitrog (500 U/mL). In some test wells, exogenous NO was added in L-arginine (L-NNA) was provided by Abbott Laboratories (Abbott the form of SNP (100 mM) with or without NAC (5 mM). IL-8 Park, IL). Cell culture plates were obtained from Costar (Camlevels were measured in the supernatants of cell suspensions after bridge, MA), and Maxisorb ELISA plates were obtained from 20 h of incubation, using a double-ligand immunoassay based on Nunc (Copenhagen). a mouse monoclonal anti-IL-8 antibody and a polyclonal rabbit Isolation of human neutrophils. Venous blood from healthy anti-IL-8 detection antibody linked to horseradish peroxidase. volunteers was anticoagulated with a 1:5 (vol:vol) ratio of acid-
In separate experiments, human neutrophils (5 1 10 6 /mL) were citrate dextrose solution. Neutrophils were isolated from this mixsuspended in RPMI with 10% heat-inactivated human serum and ture by use of dextran sedimentation and ficoll-hypaque density LPS (1 mg/mL) and incubated at 37ЊC in 5% CO 2 . Some of these centrifugation as previously described [38] . This method produced cells were exposed in the presence of 5 mM NAC to increasing neutrophil preparations that contained 1.4% { 0.3% monocytes concentrations (0-500 mM) of either SNP or potassium ferricya-(as determined by fluorescence-activated cell sorting analysis) and nide, which served as a control. For comparison, other cells were that were ú98% viable by trypan blue exclusion. Neutrophils were treated with increasing concentrations (0-2000 mM) of either Scultured in RPMI 1640 or MEM-a with 10% heat-inactivated nitrosoglutathione, another NO donor, or glutathione. After 20 h, human serum at 37ЊC for up to 20 h. Neutrophil viability as deter-IL-8 production was measured by ELISA (R&D Systems), and mined by trypan blue exclusion exceeded 92% after 20 h of incubacell viability was determined by trypan blue exclusion. tion.
In another set of experiments, human neutrophils (5 1 10 6 / Determination of cGMP concentrations. Freshly isolated hu-mL) were cultured in MEM-a that contained 10% heat-inactivated man neutrophils (5 1 10 6 /mL) suspended in RPMI 1640 supplehuman serum with or without LPS (1 mg/mL) and with or without mented with 10% heat-inactivated human serum, 100 mM isobutyl SNP (100 mM) plus NAC (5 mM). Dibutyryl-cGMP was added methylxanthine, 100 mM tetrahydrobiopterin, and 100 U/mL superin various concentrations (0-1 mM) prior to incubation at 37ЊC. oxide dismutase were incubated in a shaking-water bath at 37ЊC. IL-8 release was determined from the cell supernatants after 20 h, Intracellular concentrations of cGMP were determined serially using an IL-8 ELISA kit (R&D Systems). over 1 h after exposure to a variety of cell activators, including IL-8 mRNA ribonuclease protection assay (RPA). Human neu-FMLP (1 mM), LTB 4 (100 ng/mL), C5a (500 ng/mL), and IL-8 (200 ng/mL). Samples were centrifuged at 300 g for 10 min. The trophils (5 1 10 6 /mL) were cultured in MEM-a that contained 10% heat-inactivated human serum with or without LPS (1 mg/ cell pellets were extracted with iced ethanol, and cGMP was quantified using a 125 I-labeled RIA kit (Amersham Life Science, Arling-mL). SNP (100 mM) and NAC (5 mM) were added to some test wells. Cells were cultured at 37ЊC with 5% CO 2 for 4 h. RNA ton Heights, IL) according to the manufacturer's instructions. In other experiments, total cGMP (cells and supernatants) was deter-was isolated using TRI-Reagent LS (Molecular Research Center, Cincinnati). mined serially over 2 h after incubation of cells with HBSS plus calcium and magnesium (HBSS/) alone or with NAC (5 mM), Human IL-8 cDNA, cloned into the EcoRI site of Bluescript SK (gift from Teizo Yoshimura, National Cancer Institute, Frederick, SNP (100 mM), SIN-1 (100 mM), or SNP (100 mM) plus NAC (5 mM). MD), was restricted with HindIII (Boehringer Mannheim Biochemicals, Indianapolis). The resulting linearized plasmid, con-Chemotaxis. Chemotaxis was assayed in a multiwell chemotaxis chamber as described by Harvath et al. [39] . Neutrophils (1 1 taining a 250-bp fragment from the 3 end of the IL-8 cDNA, / 9d3d$$ja43 11-10-97 23:08:29 jinfa UC: J Infect interest being treatment and time, a repeated measure. cGMP concentrations in neutrophils exposed to chemoattractants, IL-8 con- amine the effects of NO on neutrophil chemotaxis [41] . This method of analysis is designed to compare various treatments simultaneously against the same control group, taking into account served as a template to make unlabeled sense strand cRNA using multiple comparisons. IL-8 dose-response curves were summa-T3 RNA polymerase. The antisense template was prepared by rized as the nonparametric Sen-Theil estimate of slope for each separating 5 mg of HindIII-restricted IL-8 Bluescript plasmid on treatment and cell donor combination. These slopes were then a 2% agarose gel. The 3.2-kb band representing the linearized compared using paired t tests. In analyzing the effect of increasing plasmid was recircularized using T 4 DNA ligase (Pharmacia, Piscadosages of dibutyryl-cGMP on IL-8 production, we first did a taway, NJ); competent bacteria were transfected, and plasmid DNA three-way analysis of variance. Post-hoc Scheffé tests were used was isolated (Qiagen, Chatsworth, CA). Finally, this plasmid was to determine which of the treatments were significantly different. restricted with NotI (Boehringer Mannheim Biochemicals) to make the template for synthesizing 35 / 9d3d$$ja43 11-10-97 23:08:29 jinfa UC: J Infect 1). Exposure to these chemoattractants for 0 -60 min did not Effects of NO donors or NOS inhibition on neutrophil chemotaxis. Neutrophils exposed to SNP plus NAC (P ú .25, n Å 5; increase intracellular cGMP concentrations compared with concentrations for controls (P Å not significant, n Å 3). In figure 2A ) or SIN-1 (P ú .25, n Å 5; figure 2B ) did not have altered chemotactic responses to increasing concentrations of contrast, incubation of neutrophils with SNP (a NO donor) plus NAC (an agent that increases the bioavailability of NO)
FMLP, compared with the responses of controls. Neutrophil chemotactic responses to IL-8 were similarly unaffected by SNP plus increased total cGMP concentrations up to 50-fold (P Å .002) after 2 h (figure 1). SNP alone and NAC alone did not have NAC (P ú .25, n Å 6; figure 3A ) or SIN-1 (P ú .25, n Å 6; figure 3B ). Conversely, the NOS inhibitor L-NNA did not alter a significant effect. SIN-1, another NO donor, also increased cGMP concentrations compared with concentrations for con-the chemotactic dose response curves of human neutrophils to either FMLP (P ú .25, n Å 5; figure 2A ) or IL-8 (P ú .25, trols (P Å .0004). Notably, the effect of SIN-I on cGMP concentrations (figure 1) was greater than that of SNP and n Å 6; figure 3A ) compared with responses for controls.
Effects of SNP and NAC on LPS-dependent IL-8 release NAC combined (P Å .04) and was not further enhanced by the addition of NAC (P Å not significant).
in the absence and presence of IFN-g. Human neutrophils / 9d3d$$ja43 11-10-97 23:08:29 jinfa UC: J Infect incubated for 20 h in culture medium alone or culture medium g, SNP alone (P Å .09) and in combination with NAC (P Å .01) increased LPS-stimulated IL-8 production in human neu-with SNP, NAC, or SNP plus NAC did not produce significant amounts of IL-8 (P ú .21, n Å 5; figure 4A ). However, after trophils, effects that were similar to their effects without IFNg ( figure 4B ). exposure to LPS, human neutrophils released significantly greater amounts of IL-8 than did cells incubated in LPS-free Dose-response effects of NO donors on LPS-induced IL-8 release and neutrophil viability. In the presence of NAC, medium (P õ .05). Treatment with SNP tended to increase LPS-dependent IL-8 production (P Å .056) and, with the addi-increasing concentrations of SNP, but not the control substance potassium ferricyanide, augmented LPS-induced IL-8 produc-tion of NAC to SNP, LPS-dependent IL-8 production was significantly increased (P Å .01) compared with that induced by tion in a dose-dependent manner in human neutrophils (P Å .03, n Å 5; figure 5A ). Likewise, S-nitrosoglutathione, LPS alone. Unlike its effect on TNF-a production [16], IFNg did not augment LPS-induced IL-8 release from neutrophils another NO donor, but not its parent molecule glutathione, increased LPS-dependent IL-8 release in a dose-dependent (P Å not significant, n Å 6; figure 4B ). In the presence of IFN-/ 9d3d$$ja43 11-10-97 23:08:29 jinfa UC: J Infect manner (P Å .004, n Å 3; figure 5B ). Neither of these NO Effects of NO on IL-8 mRNA levels. RPA-determined IL-8 mRNA levels were increased in human neutrophils treated donors nor their respective controls significantly altered the viability of cultured neutrophils (table 2), suggesting that in-with LPS compared with levels in cells incubated in medium alone (P Å .012; figure 7) . This LPS-induced rise in IL-8 creases in IL-8 were not due to cell death and the release of preformed IL-8.
mRNA levels was further enhanced by the addition of SNP plus NAC to the incubation medium (P Å .009). In the absence Effect of dibutyryl-cGMP on LPS-dependent IL-8 production. Human neutrophils were cultured for 20 h in the pres-of LPS, SNP plus NAC had no effect on IL-8 mRNA levels (P Å .74). ence of increasing concentrations of dibutyryl-cGMP (0 -1 mM) with and without LPS and with or without SNP plus NAC ( figure 6 ). Dibutyryl-cGMP had no effect on IL-8 release under Discussion any of these conditions (P Å .8; n Å 3). LPS-stimulated neutrophils produced more IL-8 than did control cells (P Å .001).
None of the structurally dissimilar chemoattractants tested increased the intracellular cGMP content of human neutrophils. The addition of SNP plus NAC further augmented this response compared with the response induced by LPS alone (P Å .008).
However, exogenous NO increased cGMP concentrations in / 9d3d$$ja43 11-10-97 23:08:29 jinfa UC: J Infect neutrophil preparations, confirming that these cells contain sol-lease from neutrophils was significantly up-regulated by NO. The proinflammatory mediator IFN-g did not augment endo-uble guanylate cyclase and can respond to a NO signal. Together with the finding that L-NNA, a specific NOS inhibitor, toxin-induced IL-8 production or interfere with the regulation of IL-8 production by NO. Of note, the effect of NO on IL-8 did not alter FMLP or IL-8 -elicited chemotactic responses, these data argue against an autocrine role for NO in regulating production was dose dependent, appeared to be cGMP independent, and was associated with an increase in IL-8 mRNA levels. chemotaxis. Furthermore, two different NO donors, used in a manner shown to raise cGMP levels in neutrophil cultures, had This ability of NO to enhance IL-8 production could serve in theory to recruit additional neutrophils to sites of infection no effect on FMLP or IL-8 -stimulated chemotaxis.
Although a direct autocrine or paracrine role for NO in and at least partially mitigate the suppressive effect of NO on neutrophil attachment to endothelium. chemotaxis was not demonstrated, endotoxin-induced IL-8 re-/ 9d3d$$ja43 11-10-97 23:08:29 jinfa UC: J Infect The role of cGMP in human neutrophil chemotactic re-Previous studies have found that NOS inhibitors impair neutrophil chemotaxis [25, 26] , but the studies neither mea-sponses has been investigated for over 2 decades [28, 29, 31, 32] . The relatively recent discovery of the NO signaling path-sured NOS activity nor NO production, leaving the mechanism of this effect in question. One of these reports did dem-way has renewed interest in this area of research [24 -26, 28] . Our finding that a variety of dissimilar chemoattractants failed onstrate changes in cGMP concentrations, consistent with the conclusion that NOS inhibition and reduced NO production to increase intracellular cGMP concentrations in suspended human neutrophils is consistent with earlier work that serially were the cause of decreased chemotaxis [26] . However, this study also found that N G -monomethyl-L-arginine inhibited measured neutrophil cGMP during incubation with FMLP and C5a and also found that it was unchanged [42] . In contrast, chemotaxis, but that L-NNA, a more potent NOS III inhibitor and, at high concentrations, an equally effective NOS II inhib-Wyatt et al. [43] found that FMLP transiently increased cGMP levels in adherent neutrophils, an effect they suggested might itor [44] , had no effect [26] . This suggests that the effects of some NOS inhibitors on phagocyte function may be related be due to activation of a constitutive NOS. However, the mechanism of FMLP-induced cGMP increases, even in adherent to the nonspecific properties of these agents [45, 46] . Although still an area of controversy, because some laboratories neutrophils, and its role, if any, in chemotaxis remains uncertain. NOS has not been found in human neutrophils isolated have reported NOS activity in human neutrophils under special conditions [12] , the absence, reported by our laboratory from blood [13, 14] . Furthermore, as discussed below, neither a NO inhibitor nor NO donors, despite increasing cGMP levels
[13] and others [14] , of detectable NOS activity in freshly isolated human neutrophils further supports the conclusion in human neutrophils [15, 16] , altered chemotactic responses. that NO does not routinely regulate neutrophil chemotaxis in volve the ADP ribosylation of actin [49] . The up-regulation of IL-8 transcription and production reported here represents yet an autocrine manner.
Unlike the NOS inhibition experiments mentioned above another mechanism by which NO may indirectly influence neutrophil migration in vivo. Of note, this mechanism did not that suggest NO augments chemotaxis [25 -27] , many studies using NO donors have reported that NO inhibits chemotaxis affect the measurement of chemotaxis in vitro, possibly because the chemotaxis assay is conducted over a relatively brief time [22 -24] . This suppressive effect of NO on neutrophil motility has been described as cGMP dependent [24] . These results compared with that required to detect changes in IL-8 release. Further, in the chemotaxis assay, cells were globally exposed and ours are somewhat discordant with the reported ability of cGMP to augment chemotactic responses in human mono-to NO donors, whereas in vivo the delivery of NO might be more compartmentalized. cytes [30] and neutrophils [28, 32, 47] . Despite NO-induced increases ú50-fold in cGMP, we were unable to show any NO has previously been reported to up-regulate IL-8 production in human endothelial [50], mesangial [51], and melanoma direct influence of NO donors on neutrophil chemotaxis. It is not known whether these disparate findings are related to the [37] cell lines. The mechanism by which NO augments IL-8 production and whether it is similar in different cell types have choice of NO donor, its dose, or other methodologic considerations.
not been fully determined. In contrast to our findings, NOinduced IL-8 production was found to be cGMP dependent in NO is known to indirectly decrease neutrophil migration by blocking neutrophil attachment to endothelium [48] , a cGMP-a mesangial cell line [51] . NO activates the IL-8 promoter in melanoma cells, and mutation of the NF-kB and NF -IL-6 independent, O 2 0 -dependent effect [17 -19] that may also in-/ 9d3d$$ja43 11-10-97 23:08:29 jinfa UC: J Infect JID 1998;177 (January) Nitric Oxide Regulates IL-8 Release rived relaxing factor. Biochem Biophys Res Commun 1993; 196:1343binding sites in the promoter significantly decreased this effect 8. [37] . Conversely, in other investigations, NO has variably in-7. Liu SF, Adcock IM, Old RW, Barnes PJ, Evans TW. Differential regulation creased [52, 53] In summary, we were unable to demonstrate a direct auto-13. Yan L, Vandivier RW, Suffredini AF, Danner RL. Human polymorphonucrine or paracrine role for NO in regulating neutrophil chemo-
